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The mechanism of GTP-specific activation of the mebrane-bound cellulose synthase system of Acetobacter 
xylmum has been further elucidated The supernatant fraction derived from washed membranes of this 
organism contains an enzyme which reacts with GTP to form a low molecular mass, heat-stable compound, 
tentatively characterized as a cychc ohgonuleotlde composed of GMP residues, which IS the lmmedlate 
activator of the cellulose synthase This activation IS reversed by a membrane-bound enzyme that degrades 
the activator, the latter enzyme 1s inhibited by Ca *+ It IS suggested that the interaction between these en- 
zymes and nucleotlde derivatives, mediated by Ca*+, may regulate cellulose synthesis m VIVO 
Cellulose-blogenesu regulation Acetobacter xyhnum 
1. INTRODUCTION 
In previous reports [l-3] we described condl- 
tions for extremely high rates of 1,4-P-D-glucan 
synthesis from UDP-glucose, using membrane 
preparations obtained from Acetobacter xylmum. 
Conditions for maximal rates included the 
presence of GTP, Ca2+, and a soluble protem fac- 
tor derived from washed membranes. It was pro- 
posed that the effects of these components are m- 
terrelated and constitute a regulatory system of the 
A. xylmum UDP-glucose : 1,4-fl-D-glucan 4-p- 
glucosyl-transferase (cellulose synthase). We now 
report that the protein factor is an enzyme which 
forms from GTP a low molecular mass product, 
tentatively characterized as an unusual cyclic 
guanyl oligonucleotide. The nucleotide appears to 
be the direct activator of the cellulose synthase. Its 
stability m the presence of cellulose synthase- 
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Abbrevratlons. PEG-4000, polyethylene glycol 4000; 
AFE, activator formmg enzyme 
GTP Cychc nucleotrde Ca2+ Phosphodresterase 
containing membranes of A. xyhnum is markedly 
promoted by Ca2+. 
2. MATERIALS AND METHODS 
Membranes of A. xyknum, prepared m the 
presence of 20% PEG-4000 [l], were resuspended 
in 50 mM Tris-HCl (pH 7.5) contammg 10 mM 
MgCl2 and 1 mM EDTA (TME buffer), and recen- 
trifuged at 18000 x g for 20 min. The resultant 
pellet, containing cellulose synthase activity, 
resuspended in TME buffer comprises the ‘washed 
membranes’, typically containing 15-20 mg pro- 
tein/ml. The supernatant obtained comprises the 
‘crude factor’, typically containing 5-6 mg pro- 
tein/ml. To obtain Mg2+-free washed membranes, 
a regular preparation was centrifuged and 
resuspended in Tris-HCI (pH 7.5) buffer. 
Mg2+-free crude factor was prepared by adding 
PEG-4000 to the regular preparation, followed by 
centrifugatlon and resuspension of the pellet in 
Tris-HCl buffer. Cellulose synthase activity was 
assayed as in [l], modified to 0.3 mg protein of 
washed membranes and including 1 mM CaC12. 
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AFE actlvlty was assayed by measuring the rate of 
formation of the heat-stable, low molecular mass 
activator of the cellulose synthase, from GTP The 
standard assay mixture (0.2 ml) contained 1 mM 
GTP and enzyme m TME buffer. Incubation was 
for 20 mm at 30°C. The reaction was terminated 
by boiling for 3 mm, followed by centrlfugatlon 
Ahquots (5-40 111) of the deprotemlzed superna- 
tant were then assayed for stlmulatory actlvlty m a 
standard cellulose synthase assay system One unit 
of AFE actlvlty is the amount of enzyme which 
produces 1 unit of stlmulatory activity per mm. 
One umt of stlmulatory activity IS the amount of 
activator required to increase the cellulose synthase 
activity of washed membranes by 1% 
Enzyme dlgestlons [4] were carried out on 
0.1-O 4 pmol/ml nucleotlde samples Incubated for 
60 mm with either 2 units/ml of bacterial alkaline 
phosphatase (BAP) or 0.003 units/ml of snake 
venom phosphodlesterase (SVPD) Protein was 
determined accordmg to Bradford [5] using bovine 
serum albumin as standard 
All radlochemlcals were from The Radloche- 
mica1 Centre, Amersham, England Nucleotldes, 
sugar nucleotldes, BAP and SVPD were 
from Sigma Guanosme 5’-(T-thlo)tnphosphate 
(GTP+) and guanosme 5’-@3,y-lmmo)tnphos- 
phate (GppNHp) were from Boehrmger, Mann- 
helm Agarose-hexane-GTP was from Pharma- 
cla Polyethylene-lmme (PEI)-cellulose coated 
plates were from Machery Nagel. 3 I-Ammo-3 ’ - 
deoxy-GTP was kmdly provided by Dr J.H. van 
Boom, State University, Leyden, The Netherlands. 
3. RESULTS AND DISCUSSION 
The supernatant fraction derived from washed 
membranes (crude factor) of A xylmum contams 
an enzyme which reacts with GTP to form a 10~ 
molecular mass, heat-stable activator of the 
cellulose synthase. This was indicated when such 
supernatant fractions were incubated with GTP, 
then heated for 10 mm at 100°C and centrifuged 
The resultant deprotemlzed supernatant, when 
added to washed membrane preparations, greatly 
increased their cellulose synthase actlvlty. The ex- 
tent of actlvatlon was linearly dependent upon the 
amount of crude factor incubated with GTP and 
on the time of mcubatlon (fig 1). This stimulatory 
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Fig 1 Effect of Mg2+ and Ca2+ on AFE actlvlty 
Reactlon mixtures (1 ml) contained 50 mM Trls-HCl 
(pH 7 5), Mg2+-free crude factor (2 mg protem), 1 mM 
GTP, and 10 mM MgClz (0); 10 mM MgCl2 + 1 mM 
CaCl2 (O), 1 mM CaClz ( q ), and no addltlon (A) AFE 
activity was assayed at the times Indicated, as m section 
2 
activity of the deprotemlzed supernatant was lost 
upon dialysis against TME buffer. Crude factor 
preparations pretreated by either bollmg or ex- 
posure to protease [3] failed to generate this low 
molecular mass, heat-stable stlmulatory activity, 
but m this capacity were not affected by dialysis 
Formation of the activator 1s optimal at pH 
7.5-8.0, has an absolute requirement for Mg2+ 
and 1s not affected by Ca2+ (flg.1) The activator 
forming reaction 1s highly specific for GTP: of the 
various nucleotldes tested (table 2 m [2]), only 
GTPyS reacted to form a heat-stable product with 
high stlmulatory activity Other GTP analogs such 
as GppNHp, 2 ’ -deoxy-GTP and 3 ’ -ammo-3 ’ - 
deoxy-GTP did not react. 
AFE binds to an agarose-hexane-GTP column 
(m which the hgand is immoblhzed through Its 
rlbose moiety) Extensive washing of the column 
with buffer elutes practically all of the protein but 
very little AFE actlvlty. This emerges as a single 
sharp peak upon elutlon with 5 mM GTP (table 1) 
The AFE activity recovered m the GTP eluate 1s 
estimated to be purified about lOOO-fold (a 
mmlmum figure 1s provided as protein m the eluate 
was too low to be measured). The eluate contains 
70-80% of the AFE activity originally present in 
the crude factor. Activator formation by the 
purified enzyme remains linear for up to 60 mm 
The activator enzyme is labile but partially retains 
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Table 1 
Purlflcatlon of AFE actlvlty 
July 1985 
Fraction Volume 
(ml) 
Protein Actlvlty Total activity 
(mg/ml) (units/ml) (umts) 
Crude factor 5.0 5.5 7480 37400 
GTP-eluate 55 <0003 5100 28050 
Crude factor was applied to a column (2 ml) of agarose-hexane-GTP, 
pre-equlhbrated with TME buffer at 4°C. The column was washed with 
5 mM GTP in TME (‘GTP-eluate’). Fractions of 1 ml were collected and 
assayed for protein and AFE actlvlty 
its activity at 4°C in the presence of GTP. It is of 
interest to note that a very similar purrfrcation pat- 
tern was attained employing a GTP-bound 
Sepharose column m which the ligand is bound to 
the matrix through its primary phosphate group. 
The requirement for GTP as the sole exogenous 
substrate for the AFE reaction suggests that it may 
form an integral part of the activator compound. 
The following guanosine derivatives, when added 
at up to 1 mM, did not affect the cellulose synthase 
activity of washed membranes m either the 
presence or absence of the heat-stable, GTP- 
generated activator: GTP, GDP, GMP, cyclic 
GMP, diguanosine tetra- or pentaphosphate, 
guanosine 5 ’ -drphosphate-3 ’ -diphosphate, and 
guanosme 5 ’ -triphosphate-3 ’ -drphosphate 
The results of 2 labelhng experiments, employ- 
mg [8-3H]GTP and [u-~~P]GTP as substrates in the 
AFE reaction are shown in fig.2. The activator was 
purified on a DEAE-cellulose column using a step- 
wise increasing gradient of (NH&CO3. While 
residual GTP and other by-products are eluted at 
- 
Frg.2. Purificatron of the actrvator Crude factor (32 mg 
protein) was incubated for 1 h at 30°C m 20 ml TME 
containing: (A) 1 mM [cx-~~P]GTP (1 6 x lo6 cpm/ 
pmol) or (B) 1 mM [8-3H]GTP (2 0 x lo6 cpm/pmol) 
The mixture was brought to 0.6 N HCl04 and centn- 
fuged The supernatant was neutralized with dilute 
KzCO~ and recentnfuged. This supernatant was applied 
to a DEAE-cellulose column (1 2 x 20 cm) pre-equlh- 
brated with 0 2 M (NH&CO3. The column was eluted 
with the mdlcated (NY&CO3 gradlent Fractions (5 ml) 
were sampled for radloactlvlty and 252 nm absorbance. 
0 4 16 20 24 28 32 36 40 
Fraction number 
The fractions were lyophlhzed to remove salts, redls- 
solved m water, and ahquots assayed for the ablhty to 
stimulate cellulose synthase activity in washed 
membranes as m section 2. 
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Table 2 
Chromatographlc characterlstlcs of the activator 
Compound Solvent 
0 2 M NHaHCOs 1 25 M LICI 1.5 M KHzPO,, 1 3 M LICI, 
(PH 7 8) (PH 5 0) (PH 3 65) boric acid (sat ) 
(PH 7.0) 
Actrvator 0.19 0 37 0 31 0.38 
GTP 0.09 0.17 0 40 
5 ’ -GMP 0.50 0 56 0 61 0 48 
3 ’ -GMP 0 54 - 0 56 0 61 
2’-GMP 0 54 _ 0 64 0 62 
Rf values are given for Ion-exchange thm-layer chromatography of the DEAE-cellulose purified 
32P-labelled activator. Spots were detected by autoradiography (activator) or by UV light 
(markers) 
low salt concentrations (0.2 M), the activator 
elutes at only higher salt (0.4 M). In both ex- 
periments a peak of radioactivity and UV absor- 
bance comcides with the peak of stimulatory ac- 
ttvrty elutmg at high salt concentration. The ratios 
of radioactive label to UV absorbance in these high 
salt eluates are identical to those of the original 
substrates. Furthermore, the ratios of GMP con- 
tent to stimulatory activity, calculated from either 
the (w~‘P) or the (8-3H) label are m good agree- 
ment. In contrast, n-r a parallel experiment carried 
out with 1 mM [y-32P]GTP (9.0 x lo6 cpm/pmol) 
no radioactivity could be detected in the high salt 
eluting, UV absorbing peak bearing stimulatory 
activity. 
To establish that the UV absorbance, (WEEP) 
label and stimulatory activity were all due to the 
same material, 32 P-labeled activator was analyzed 
by thin-layer chromatography on PEI-cellulose 
plates developed in several solvent systems. In all 
cases, a single spot was detected by autoradlogra- 
phy (table 2). Extracts of the cellulose from the 
pertinent areas of the chromatograms exhibited a 
ratio of radioactivity to UV absorbance to stimula- 
tory actrvity identical to that of the material 
applied. HPLC analysis of the DEAE-cellulose 
column fractions bearing stimulatory activity, 
using reverse-phase Cl 8 columns (250 x 4 mm) 
and 0.1 M sodium acetate, pH 5.6, revealed a 
smgle 252 nm absorbing peak with a retention time 
exceeding that of GTP, GMP and cyclic GMP. 
The UV absorbance characteristics of the purified 
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activator are almost identrcal to those of GTP, as 
revealed by measurmg the spectrophotometrrc 
ratros and wavelengths of minimum and maximum 
absorbance m the pH range 1-13 Chemical 
analysis [6,7] indicates that the activator contains 
guanine, ribose and phosphate in a ratio of 1: 1: 1. 
All the above data strongly suggest hat GMP 
residues are an integral part of the biologically ac- 
tive compound. The effect of varying concentra- 
tions of the activator on cellulose synthase activity 
in washed membranes is shown m fig.3. In the 
presence of Ca2+, a saturating curve is obtamed. 
The apparent activation constant, Kar for the ac- 
tivator is 0.05 A252 units/ml, which, dependmg on 
the actual formular content of guanine m the com- 
pound, is estimated as 5 3.5 PM. 
For further structural characterization of the ac- 
tivator, the 32P-labelled compound was subJected 
to various chemical and enzymatic treatments, and 
then assayed for biological activity and chroma- 
tographic mobility on PEI-cellulose plates. In all 
treatments tested, changes in chromatographrc 
mob&y were reflected by a loss in stimulatory ac- 
tivity. The activator IS labile m mild alkah (0.2 N 
NaOH, 37”C, 24 h), yreldmg 2 products co- 
migrating with 2’-GMP and 3 ‘-GMP. This pattern 
of alkaline digestron indicates that 3’-5’ or 2’-5’ 
phosphodiester bonds are hydrolyzed and excludes 
pyrophosphate or inverted (5 ’ -5 ‘) linkages [9,1 I]. 
The observed stability of the actrvator to mild acid 
treatment (0.1 N HCl, lOO”C, 15 mm) IS com- 
patible with this conclusion. The compound is 
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0 is:--l 
005 0 IO 0 15 020 025 
Azsz/ml 
Ftg.3 Effect of activator concentratton on cellulose 
synthase acttvtty Washed membranes were assayed for 
cellulose synthase acttvtty as m sectton 2, m the presence 
of varymg concentratrons of DEAE-cellulose purrfred 
activator. One A252 umt is the amount of material whtch 
has an absorbance of 1.0 when dtssolved m 1 ml water 
at pH 7.0 and measured in a 1 cm cuvette at 252 nm. 
The results for assay mixtures wrth (0) or wrthout (0) 
1 mM CaClz are shown. 
degraded by SVPD yielding 5 ’ -GMP as the only 
detectable product but is resistant to BAP and to 
the perrodate oxidation/,&elimmatron reaction 
P-101, mdicating that all its phosphates are 
dresterified as well as the absence of crs-glycol 
groups in its ribose residues. This suggests a non- 
terminal or cyclic structure for the molecule. 
However, a terminal 2’,3’-cyclic phosphodiester 
bond [9] 1s unlikely since mild acid-treated actrva- 
tor remains BAP resistant. Taken together, all the 
described properties of the activator may be attri- 
buted to a cychc nucleotide structure composed of 
GMP residues in 2 ’ -5 ’ or 3 ’ -5 ’ phosphodiester 
linkages. Its precise structure remains to be 
determined. 
If this nucleotide 1s the true activator of the 
cellulose synthase, the question arises whether the 
actrvatron 1s reversible. Incubation of the 32P- 
labelled activator with washed membrane prepara- 
tions from A. xyllnum rapidly destroys its ability 
to stimulate the synthase reaction and converts its 
32P label mto a product which co-migrates 
chromatographically with 5 ‘-GMP. This apparent 
membrane-bound phosphodresterase activity is 
heat sensrtrve, linear with time and the amount of 
membranous preparation, dependent upon Mg’+ 
and inhibited by Ca*+ (fig 4). The ability of Ca*+ 
7500- 
? 
F3 
m 5000- 
$ 
e 
0 5 IO I5 20 
Mfnutes 
Fig.4 Effect of Mg2+ and Ca2+ on the degradatton of 
the actrvator by washed membranes. Reactton mixtures 
(0.2 ml) contamed Mg’+-free washed membranes 
(0 06 mg protem), 32P-labelled acttvator (0 012 A252) 
and 50 mM Trts-HCl (pH 7 5). 10 mM MgClz (0); 
10 mM MgCl2 + 1 mM CaClz (v); no addrtton (0). 
Reactions were stopped by bothng, centrtfuged, and 
20~1 of the deprotemtzed supernatant was applied to 
PEI plates developed m KH2P04. The region 
correspondmg to acttvator was extracted and counted. 
to prevent enzymatic degradation of the activator 
may explain the enhanced potency of the latter in 
stimulatmg synthase acttvrty in the presence of 
Ca*+ (ftg.3), and may account for our earlier find- 
ings that GTP-induced stimulation of the 
membrane-bound cellulose synthase 1s markedly 
enhanced by Ca*+ [3]. The mterrelatronship be- 
tween the several components of the cellulose syn- 
thase of A. xylmum, as described here, may serve 
as the basrs for the regulatron of cellulose 
biogenesis in VIVO. 
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